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KLJK SHUIRUPDQFH OLTXLG FKURPDWRJUDSK\ +3/& HQ]\PH±OLQNHG LPPXQRVRUEHQW DVVD\ (/,6$
UDGLRLPPXQRDVVD\ 5,$ VXUIDFH SODVPRQ UHVRQDQFH 635 HOHFWURFKHPLFDO LPSHGDQFH (,6 DQG
LPPXQRFKURPDWRJUDSKLF VWULS WHVW 7KHVH WHFKQRORJLHV KDYH ERWK PHULWV DQG GHPHULWV ,Q RUGHU WR FKHFN WKH
SK\VLRORJLFDO VWUHVV E\ RQHVHOI WKH GHYLFH LV UHTXLUHG VRPH FKDOOHQJHV DV WKH IROORZLQJ HDV\ WR XVH IDVW
GHWHUPLQDWLRQTXDQWLWDWLYHDQDO\VLVORZFRVW
:HDSSOLHGTXDUW]FU\VWDOPLFUREDODQFH4&0PHWKRGWRSUHSDUHFRUWLVROVHQVRU4&0LVNQRZQDVDUHDOWLPH
PHDVXUHPHQWRIDQWLJHQ±DQWLERG\LQWHUDFWLRQZLWKVLPSOLFLW\FRQYHQLHQFHDQGORZFRVW7KHPDMRUSUREOHPRIWKH
4&0PHWKRG LV UHGXFLQJ QRLVH OHYHO FDXVHG E\ PHDVXUHPHQW HQYLURQPHQW VXFK DV WHPSHUDWXUH DQG GHQVLW\ RI
VXUURXQGLQJ PHGLD 6LQFH WZLQ VHQVRU UHPRYHV WKHVH HQYLURQPHQWDO LQIOXHQFHV QRLVH OHYHO FDQ EH GHFUHDVHG
GUDVWLFDOO\7ZLQ VHQVRUKDV WZR UHDFWLRQ UHJLRQVRQRQH$7±FXWTXDUW] FU\VWDO VXEVWUDWH2QHFKDQQHOPHDVXUHG
DQWLJHQ±DQWLERG\LQWHUDFWLRQ&KDQGWKHRWKHUZDVXVHGDVDUHIHUHQFH&K
([SHULPHQWDO
:HXVHGPRQRFORQDODQWLERG\WRFRUWLVRODQWL±&UWIRUDVHQVRUPDWHULDO&RUWLVRO±%6$&UW±%6$ZDVXVHGDV
DWUDFHUDQGSXUFKDVHGIURP)LW]JHUDOG,QGXVWULHV,QWHUQDWLRQDO0$86$&RUWLVROVWDQGDUGVROXWLRQQJP/
ZDV REWDLQHG IURP &D\PDQ &KHPLFDO &RPSDQ\ 0, 86$ 3KRVSKDWH EXIIHU VDOLQH 3%6 S+  VRGLXP
K\GUR[LGH DQG JO\FLQH K\GURFKORULGH ZHUH REWDLQHG IURP:DNR SXUH &KHPLFDO ,QGXVWULHV /WG 2VDND -DSDQ
%RYLQH6HUXP$OEXPLQZDVREWDLQHGIURP6LJPD±$OGULFK&R//&0286$
$WZLQVHQVRUFKLSIXQGDPHQWDOIUHTXHQF\0+]36$±6%±:1LKRQ'HPSD.RJ\R&R/WG1'.
-DSDQKDGWZR$XHOHFWURGHVDQGHDFKVXUIDFHDUHDRIWKHPZDVPP7KHVXUIDFHRIWKHHOHFWURGHVZDVWUHDWHG
DVIROORZVDQGVKRZQLQ)LJ$IWHU/RIDQWL±FRUWLVROȝJP/ZDVFRDWHGRQWKHVXUIDFHRIWKH&KIRU
PLQXWHVWKH&KZDVULQVHGZLWKSKRVSKDWHEXIIHUVDOLQH3%6S+ ZW%6$ZDVFRDWHGRQERWKRI
WKH&KDQGWKH&KIRUPLQXWHVWRDYRLGQRQVSHFLILFDGVRUSWLRQ7KHQWKH&KDQGWKH&KZHUHULQVHGZLWK
3%6$OO WKH WUHDWPHQWZDV SHUIRUPHG E\ XVLQJ D SUHSDUDWLRQ MLJ$IWHU WKH VXUIDFH SUHSDUDWLRQ4&0 FKLSZDV
PRXQWHG LQ D SODVWLF FDVH ZLWK VRPH SDUWV DQG FDSSHG ZLWK D PLFUR FKDPEHU  ȝ/ 7KHVH FRPSRQHQWV ZHUH
SXUFKDVHGE\1'.:KHQWKHVDPSOHVROXWLRQZDVGURSSHGRQWKHZHOOWKHVROXWLRQZDVJHQWO\VXFNHGLQWRDZDVWH
VWRUDJHP/WKURXJKWKHPLFURFKDPEHU)ORZGULYHQZDVEDVHGRQFDSLOODU\IRUFHV)LJVKRZVDVVXPHG4&0
V\VWHPFRQVLVWLQJRIWKHWZLQVHQVRUFKLSVRPHSDUWVIRUIORZV\VWHPDQG4&0UHVRQDWRU,QWKLVVWXG\4&0FKLS
ZDV SXW RQ D WKHUPRVWDWLF FKDPEHU 36$&$ 1'. -DSDQ ZKLFK ZDV FRQQHFWHG ZLWK 4&0 UHVRQDWRU
36$$1'.-DSDQ&RPSHWLWLYHDVVD\ZDVDSSOLHGIRUFRUWLVROGHWHFWLRQVLQFHPROHFXODUZHLJKWRIFRUWLVROLV
WRRVPDOOWRGHWHFWGLUHFWO\RQ4&0


5HVXOWVDQGGLVFXVVLRQ
3.1. Twin sensor QCM 
7KHEDVLFSULQFLSOHRI4&0VHQVRULVGHSHQGHGRQWKHIUHTXHQF\VKLIWE\DQDO\WHDGVRUEHGRQWKH4&0UHVRQDWRU
7KH DPRXQW RI WKH DQDO\WH DGVRUEHG RQ WKH 4&0 VHQVRU LV SURSRUWLRQDO WR WKH IUHTXHQF\ FKDQJH NQRZQ DV WKH
)LJ  3KRWR RI D VHQVRU FKLS DQG D 4&0 UHVRQDWRU $IWHU
LQVHUWLQJ WKH FKLS VDPSOH VROXWLRQ ZDV GURSSHG RQ D ZHOO
)ORZGULYHQZDVEDVHGRQFDSLOODU\IRUFHV
)LJ6FKHPDWLFILJXUHRIWZLQVHQVRU4&0ULJKWDQGVWHS
RIVXUIDFHSUHSDUDWLRQRIWKHVHQVRUOHIW
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6DXHUEUH\ HTXDWLRQ 7KLV HTXDWLRQ LV DSSOLFDEOH WR WKLQ ULJLG DQG XQLIRUP ILOPV ,Q D FDVH RI OLTXLG ORDGLQJ
.DQD]DZD DQG*RUGRQ H[SUHVVHG D UHODWLRQVKLS WR DFFRXQW IRU WKH UHVRQDQW IUHTXHQF\ FKDQJH RI TXDUW] FU\VWDO
7KHQ0DUWLQ HW DO GHULYHG DQ HTXDWLRQZLWKPDVV ORDGLQJ DQG OLTXLG ORDGLQJ DQG WRWDO IUHTXHQF\ FKDQJHZDV
GHVFULEHGDVWKHVXPRIWKH6DXHUEUH\HTXDWLRQDQGWKH.DQD]DZD±*RUGRQHTXDWLRQ6LQFHWZLQVHQVRUFDQPRQLWRU
WKHIUHTXHQF\VKLIWRIWZRVHQVLQJDUHDFRQWDFWHGZLWKWKHVDPHOLTXLGGLIIHUHQFHVEHWZHHQWKHIUHTXHQF\VKLIWVRQ
WZRVHQVRUVXUIDFHGHOWD ǻ)'LVQRWLQYROYHGZLWKWKHOLTXLGWHUPGHVFULEHGDVEHORZ
ZKHUH ǻFS(Ch1) DQGǻFS(Ch2) DUH WKH IUHTXHQF\ VKLIW FRUUHVSRQGLQJ WR WKHPDVV DQG OLTXLG ORDGLQJ RQ WKH HDFK
FKDQQHOǻmCh1DQGǻmCh2DUHWKHPDVVFKDQJHRIWKH&KDQG&KF0 0+]LVWKHRVFLOODWLRQIUHTXHQF\ȝqDQG
ȡqDUHWKHVKHDUPRGXOHîJFPƊVHFDQGWKHGHQVLW\JFPRIWKHTXDUW]FU\VWDOUHVSHFWLYHO\SLV
WKHVXUIDFHDUHDRIWKHHOHFWURGH8VLQJWKHDERYHHTXDWLRQWKHRUHWLFDOPDVVFKDQJHRIWKHWZLQVHQVRUV\VWHPZDV
HVWLPDWHGWREHSJRIDGVRUSWLRQRIDQDO\WHZLWKWKHIUHTXHQF\VKLIWRI+]
3.2. Flow condition and detection of sample 
7KH IORZSURSHUW\ZDVFKDUDFWHUL]HGRQ WKH VHOI±VXFWLRQ IORZV\VWHP:HPRQLWRUHG WKH WLPHRQHPSW\RI WKH
ZHOOFRUUHVSRQGLQJWRWKHVDPSOHYROXPH3%6ZDVLQMHFWHGDVDVDPSOH7KHUHVXOWZDVVKRZQLQ)LJ6XFWLRQ
WLPHLQFUHDVHGOLQHDUO\ZLWKVDPSOHYROXPH7KHGDWDVKRZVWKDWVXFWLRQUDWHZDVFRQVWDQWDQGHVWLPDWHGWREH
P/PLQ7KLV FKDUDFWHULVWLF NHSW WLOO WKHZDVWH WDQNZDV IXOO ,W LV QRWHG WKDW WKH YLVFRVLW\ RI WKH VDPSOH VROXWLRQ
DIIHFWV WKH IORZ UDWH2Q WKHXVHRI FRUWLVRO VWDQGDUG VROXWLRQ FRUWLVROZDVGLVVROYHG LQHWKDQRO:HDGMXVWHG WKH
HWKDQROFRQFHQWUDWLRQDVYROLQWKLVVWXG\

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




)LJ6XFWLRQWLPHFRUUHVSRQGLQJWRVDPSOHYROXPHZDVSORWWHG7KHVORSHRIWKHJUDSKVKRZVWKHVXFWLRQUDWHDV/PLQ

2QWKHLQMHFWLRQRIVDPSOHZLWKRXWDQ\UHDFWDQWVYROHWKDQROLQ3%6IUHTXHQF\VKLIWRQWKH&KDQG&K
FKDQJHGGUDVWLFDOO\DQGUHDFKHGSODWHDXDVVKRZQLQ)LJD)UHTXHQF\GLIIHUHQFHGHOWD &K&KSUHVHQWHGD
WUXHDEVRUEHGDPRXQW FRUUHVSRQGLQJ WRDQWLJHQ±DQWLERG\ LQWHUDFWLRQ7KHGHOWD UHSUHVHQWHGDOPRVW ]HUR UHVXOWLQJ
DQWLFUWGLGQRWELQGDQ\WKLQJ:KHQWKHIORZUDWHLQFUHDVHVIUHTXHQF\VKLIWGHFUHDVHG'UDVWLFDOO\IUHTXHQF\FKDQJH
ZDV GXH WR WKH LQFUHDVH RI WKH IORZ UDWH FRUUHVSRQGLQJ WR WKH VDPSOH LQMHFWLRQ DQG YLVFRVLW\ RI WKH VDPSOH
FRUUHVSRQGLQJWRPL[LQJHWKDQRO2QWKHRWKHUKDQGV)LJEVKRZVWKHIUHTXHQF\VKLIWRYHUWLPHZKHQWKHVDPSOH
FRQWDLQLQJ  QJP/ RI FRUWLVROZDV LQMHFWHG VDPSOH FRQWDLQHG QJP/ FRUWLVRO  JP/ RI WUDFHU 7RWDO (W2+
FRQFHQWUDWLRQZDV  YRO )UHTXHQF\ VKLIW RQ WKH &K GHFUHDVHG JUDGXDOO\ VLQFH FRUWLVRO DQG WKH WUDFHU ZHUH
FDSWXUHGZLWKWKHDQWLERG\)UHTXHQF\VKLIWRQWKH&KLQFUHDVHGJUDGXDOO\WKHQUHDFKHGSODWHDX7KLVFKDUDFWHULVWLF
ZDV GXH WR GHFUHDVH RI WKH IORZ UDWH 6LQFH WKH SODWHDX ZDV IRUPHG DW  PLQXWHV DIWHU WKH VDPSOH LQMHFWLRQ
PHDVXUHPHQWWLPHZDVVHWWREHPLQXWHV$VWKHUHVXOWVWKHGHOWDGHFUHDVHGJUDGXDOO\
,IZHUHXVHWKHVHQVRUFKLSGXSOLFDWHDQDO\VLVFDQEHSHUIRUPHGE\RQHFKLS,QIDFWWKHFRVWSHUGHWHFWLRQFDQEH
GHFUHDVHG6LQFHDQWLJHQ±DQWLERG\LQWHUDFWLRQZDVUHODWLYHO\±VWURQJDGKHVLYHXQFRXSOLQJRIWKHERXQGZDVUHTXLUHG
οܨ஽ ൌ οܨௌሺ஼௛ଵሻ െοܨௌሺ஼௛ଶሻ ൌ െ
ʹܨ଴ଶ
ܵ ൫ߤ௤ߩ௤൯
ଵȀଶ ሾο݉஼௛ଵ െ ο݉஼௛ଶሿ
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IRU GXSOLFDWH PHDVXUHPHQWV :H XVHG  P0 JO\FLQH±1D2+ VROXWLRQ IRU WKH UHJHQHUDWLRQ $IWHU WKH GXSOLFDWH
LQMHFWLRQRIUHJHQHUDWLRQVROXWLRQDQG3%6IRUZDVKIUHTXHQF\VKLIWERWKRQWKH&KDQGWKH&KWXUQHGEDFNWRWKH
LQLWLDOVWDWH7KHQIUHTXHQF\VKLIWRIWKHPUHSHDWHGDIWHUWKHVDPSOHLQMHFWLRQDVVKRZQLQ)LJ7KHVHGDWDVKRZ
WKDW WKLV SURSRVHG V\VWHP FDQ EH SHUIRUPHG IRU TXDQWLWDWLYH DQDO\VLV LQ VHTXHQFH 2QH GHWHFWLRQ F\FOH ZDV 
PLQXWHVLQFOXGLQJWKHUHJHQHUDWLRQDQGWKHZDVKLQJVWHSV
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